Background: Central airway obstruction related to endobronchial malignancy is one of the most difficult oncological complications and requires efficient palliative intervention. Methods: Fifty-three consecutive patients with unresectable endobronchial malignancy receiving bronchoscopic cryotherapy as palliative treatment were retrospectively reviewed. Efficiency was evaluated by the improvement of performance status (PS), and the best achievement of tumor removal was assessed as complete or partial removal. Result: Patients' PS after cryotherapeutic tumor removal improved from the baseline PS (P = 0.006). In multivariate logistic regression analysis, the compression part of the tumor (odds ratio [OR] 0.42; 95% confidence interval [CI] 0.23∼0.75, P = 0.004) and the thin tumor stalk (OR 87.86; 95% CI 2.31∼3337.37, P = 0.016) were independent predictors of complete tumor removal. Tumors larger than 9.3 cm, including compression and invasion parts, had the highest odds of being only partially removed (positive predictive value [PPV]: 88.2%, likelihood ratio [LR]+: 10.49); tumors smaller than 9.3 cm were likely to be completely removed (negative predictive value [NPV]: 80.6%, LR−: 0.34). After cryotherapy, re-obstruction was significantly associated with non-squamous cell carcinoma (65.7 vs. 16.7%, P = 0.001) and patients who had longer overall survival (11.7 vs. 1.5 months, P < 0.001). Odds of tumor re-obstruction increased 2.28-fold (PPV: 81.6%, LR+: 2.28) beyond two months; the odds decreased by 81% (NPV: 73.3%, LR−: 0.19) within two months. Conclusion: Debulking of a tumor using cryotherapy is a useful palliative treatment for endobronchial obstruction secondary to a variety of malignancies.
Introduction
Endobronchial malignancy associated with central airway obstruction is one of the most difficult oncological complications and often results in severe respiratory symptoms. Regardless of where the primary tumor originates, those who suffer from central airway invasion or metastasis from the primary tumor often experience cough, hemoptysis, and respiratory distress that requires efficient palliative intervention. [1] [2] [3] Effective palliative practices involve laser ablation, photodynamic therapy, and brachytherapy; each has its advantages and limitations. Bronchoscopy-assisted cryotherapy featuring tumor removal via a rapid freezing technique serves as another option. Previous reports of cryotherapeutic palliation for lung cancer with central airway obstruction reported positive outcomes in terms of improvement in the patients' pulmonary function and an increase in distance in the sixminute walking test. 4, 5 However, this improvement applies to a select population that can tolerate exercise assessment. Whether it also applies to other populations that involve a wider range of disease situations, in terms of different performance status (PS) and diversity of tumor types, is not well understood.
The development of central airway obstruction as an advanced oncological complication usually presents a course of progressive involvement. Most tumors affect the patients' respiratory condition initially through external compression of the lumen. Lumen invasion subsequently ensues, imposing an increasing respiratory burden via progressive obstruction. [6] [7] [8] The greater scale of the tumor burden, in terms of the compression and invasion parts, is frequently associated with a worse PS and an increasing difficulty of performing bronchoscopic cryotherapy. In line with this point, how the tumor burden affects the achievement of cryotherapeutic tumor removal is less clearly understood. Most of the existing studies have elaborated the association of successful cryotherapeutic tumor removal and improved quality of life; however, there is a gap in the knowledge regarding the predictive factors that influence the achievement of this goal. 4, 5 As cryotherapy is essentially an intervention of a palliative nature, the sustainability of tumor removal through its use is a key concern. Some patients that suffer from malignancyrelated central airway obstruction do not succumb quickly to their underlying disease. Therefore, questions regarding the factors associated with tumor re-obstruction and at what point after cryotherapy clinicians should raise the concern of re-obstruction remain, issues that are inadequately addressed in previous reports.
In this study, we investigated the efficacy of cryotherapeutic tumor removal as a palliative treatment for malignant endobronchial obstruction in a patient cohort. The clinical factors associated with the achievement of this goal are specifically evaluated and the variables associated with tumor re-obstruction are also addressed.
Materials and methods

Inclusion of the study population
Between 2007 and 2011, consecutive patients with unresectable endobronchial malignancy who received bronchoscopic cryotherapy as a part of palliative treatment were retrospectively reviewed. This study was conducted at the Chang Gung Memorial Hospital, a university-affiliated hospital in Taiwan; the hospital's institutional review board independently approved the study (IRB: 100-3211B). All patients provided informed consent prior to bronchoscopic cryotherapy.
Endobronchial tumor assessment
Chest contrast-enhanced computed tomography (CT) with 5 mm collimation, including transverse and coronal planes, was performed on all subjects to assess the target tumor directly causing the airway obstruction. The components of the relationship between the target tumor and the airway were identified as the compressive part outside the airway and the invasive part inside the airway. The long axis under the transverse plane of the chest CT was used to measure the compressive part of the tumor. The invasive part of the tumor was measured by serial examination of transverse plans to the segment of obstruction and assisted by direct measurement on bronchoscopy whenever possible (Fig 1) . Tumor obstruction of the airway to the extent that the flexible bronchoscope was unable to pass through was defined as total obstruction; otherwise, the extent was recorded as partial obstruction.
Bronchoscopic cryotherapy technique
A cryo-probe (ERBOKRYO CA, Erbe, Marietta, GA, USA) with carbon dioxide as cryogen was used with a temperature of approximately −70°C achieved at the probe tip. The probe was inserted via the bronchoscope so as to have direct contact with the mass. Cryotherapy was started with −70°C CO2 from 20 to 60 seconds at the lesion site, and the mass was detached outward by the bronchoscope. Whenever patients experienced desaturation, intractable bleeding or severe cough and were unable to tolerate the practice, the operator terminated the procedure. If the tumor was not completely removed in a single procedure, the operator clinically evaluated subsequent procedures based on each patient's condition and tolerance. The best achievement of tumor removal was recorded as complete removal, with the airway totally free from tumor obstruction; otherwise, the best achievement was recorded as partial removal. All study patients underwent a sedation procedure that was performed with intravenous midazolam or propofol with a bispectral index for consciousness monitoring. 9, 10 Local anesthesia with 2% xylocaine solution was also routinely administered during bronchoscopy.
Assessment of efficacy and outcome
Change in an individual's Eastern Cooperative Oncology Group (ECOG) performance status (PS) was used to evaluate the efficacy of palliation. Patients' PS at baseline and after tumor removal was recorded for this assessment. After intervention, all study patients underwent follow-up with a chest CT scan every eight weeks or bronchoscopy study as needed, whenever they experienced symptoms associated with suspected endobronchial tumor progression. Individuals with documented tumor progression from their previous best achievement of tumor removal were defined as having tumor re-obstruction. Overall survival (OS) was calculated from the day of cryotherapeutic tumor removal.
Statistical analysis
All group variables were analyzed by Fisher's exact test with contingency tables, and the Mann-Whitney U test was used for analysis of continuous variables. Paired ranked data were analyzed with the Wilcoxon matched-pairs signed-rank test. The receiver operating characteristic (ROC) curve was used to determine the performance of binary classifiers, and diagnostic performance was calculated by standard definition. All analyses were conducted using SSPS software (SPSS v. 13.0; SPSS Inc., Chicago, IL, USA) and all reported P values were 2-sided, with a P value <0.05 considered statistically significant.
Results
Baseline characteristics of study subjects
Fifty-three patients with unresectable endobronchial malignancy were included in the analysis ( Table 1 ). The median age was 67 years, and 39 (73.6%) of the patients were male. Thirty-seven (69.8%) patients had primary lung cancer and 16 (30.2%) had metastasis; 30 (56.6%) patients had an ECOG PS of 0-1 and 23 (43.4%) had an ECOG PS of 2-3. A histology of squamous cell carcinoma was noted in 27 (50.9%) patients; 10 (18.9%) had adenocarcinoma; six (11.3%) nonsmall cell carcinoma not otherwise specified; three (5.7%) small cell carcinoma; four (7.5%) sarcoma; one (1.9%) renal cell carcinoma; one (1.9%) lymphoma; and one (1.9%) had endometrial carcinoma. The median size of the compression and invasion part of the tumor was 5.5 cm and 2.0 cm, respectively. Nine (17.0%) patients had a tumor in the trachea, 28 (52.8%) in the main bronchi, and 16 (30.2%) in the lobar bronchi. After tumor removal, chemotherapy was given as a platinum-based doublet 25 (47.2%) or singlet 12 (22.6%) regimen, and 16 (30.2%) patients received best supportive care alone. The median OS for the study cohort was 13.0 (9.5-18.8) months.
Efficacy of cryotherapeutic tumor removal
Each patient's ECOG PS at baseline and after cryotherapeutic tumor removal was analyzed by the Wilcoxon matched-pairs signed-rank test. The results showed that in three of 13 (23.1%) patients the ECOG PS of 3 improved to 2, in five of 10 (50.0%) patients the ECOG PS of 2 improved to 1, and no change in ECOG PS was seen for 30 patients whose baseline ECOG PS was 1 (Fig 2a, P = 0.006) . Among patients whose tumor was totally removed, in three of seven (42.9%) patients the ECOG PS was 3 improved to 2, and in two of five (40.0%) the ECOG PS was 2 improved to 1 (Fig 2b, P = 0 .037). Among those whose best achievement of tumor removal was partial, six patients' ECOG PS of 3 remained unchanged, and three of five patients' (60.0%) ECOG PS of 2 improved to 1 (Fig 2c , P = 0.149).
Factors associated with the achievement of tumor removal
Variables associated with complete or partial removal of the endobronchial tumor were analyzed (Table 2) . In univariate analysis, factors significantly associated with complete tumor removal were the smaller compression (4.3 vs. 7.2 cm, P < 0.001) and invasive parts of the tumors (1.9 vs. 3.0 cm, P = 0.003), the thin tumor stalk (38.7 vs. 4.5%, P = 0.008), and partial obstruction of the airway (38.7 vs. 9.1%, P = 0.025). In the multivariate logistic regression model, the compression part of the tumor (odds ratio [OR] 0.42; 95% confidence interval [CI], 0.23∼0.75, P = 0.004) and thin tumor stalk (OR 87.86; 95% CI, 2.31∼3337.37, P = 0.016) were independent predictors, but the invasive part of the tumor (ORs 0.41; 95% CI, 0.15∼1.08, P = 0.070) had a tendency toward significance (Table 3) .
Tumor size as discriminator between complete and partial tumor removal
The ROC curve and its area under the curve (AUC) were constructed using tumor size to discriminate between complete and partial tumor removal. Discriminatory power in terms of the compression (AUC: 0.80; 95% CI, 0.68∼0.92, P = 0.001), and invasive parts of the tumor (AUC: 0.74; 95% CI, 0.60∼0.88, P = 0.003), and the summation of both (AUC: 0.85; 95% CI, 0.74∼0.96, P < 0.001), was significant based on AUC measurement (Fig 3a) . A standard analysis of the predictive performance at different cut-off levels using the summation of the compression and invasion parts of the tumors is summarized in ). This specific cut-off is demonstrated in a plot in which the summation of the compression and invasion parts of the tumors was compared between the patients having complete and partial tumor removal as their best achievement (Fig 3b) .
Factors associated with recurrence of tumor obstruction
Variables associated with the presence or absence of re-obstruction by the endobronchial tumor were analyzed (Table 5) . Factors significantly associated with re-obstruction were non-squamous cell carcinoma (65.7 vs. 16.7%, P = 0.001) and patients who had longer OS (11.7 vs. 1.5 months, P < 0.001) after cryotherapy. To determine a minimal time for the assessment of re-obstruction to be suggested, the ROC curve and its AUC were constructed using OS to discriminate the presence or absence of tumor re-obstruction. Discriminatory power (AUC: 0.69; 95% CI, 0.51∼0.86, P = 0.027) was significant based on AUC measurement (Fig 4) . Analysis of predictive performance using OS at different cut-off levels was summarized (Table S1) , and a cut-off level was set at 2.0 months. For those who survived longer than 2.0 months, the odds of tumor re-obstruction increased 2.28-fold (sensitivity: 88.6%, LR+: 2.28, PPV: 81.6%), whereas in those who survived less than 2.0 months, the odds decreased by 81% (specificity: 61.1%, LR−: 0.19, NPV: 73.3%).
Discussion
In this study, we showed that cryotherapeutic tumor removal served as an efficient palliative intervention for malignant endobronchial obstruction. External compression imposed by a smaller tumor burden and tumors with a thin stalk were found to be associated with better success in this practice. Patients with non-squamous cell carcinoma and those who survived longer had a higher risk of tumor re-obstruction. The efficacy of endobronchial tumor removal via cryotherapy has been evaluated frequently by improvement in pulmonary function or increased distance in the six-minute walking test. However, patients that qualified for these tests in previous studies were a subset of subjects with better PS, rather than all potential candidates suitable for this palliative treatment. This fact partly stemmed from the unsettled controversy about whether an aggressive palliative treatment of malignant endobronchial tumor obstruction did any good for individuals with a poor PS. Our study, in which 43% of patients had PS 2-3, provides positive evidence, showing an improvement in PS after cryotherapeutic tumor removal.
However, this improvement in PS, which was more significant in patients with total removal than in those with partial removal, highlights the fact that clinical factors are urgently needed for clinicians to single out patients that would most likely benefit from this practice. We found that an endobronchial tumor with a thin stalk was a positive factor for complete tumor removal. This was not surprising; first, because it provided the bronchoscopist a specific point to approach, thus the tumor could be detached by damaging only a limited amount of tissue in the airway. Second, the thin stalk region of the tumor might contain fewer vessels than broad stalk tumors; therefore, tumor bleeding would be easier to manage.
Of interest, a larger compression part of a tumor, compared to the invasion part, was found to be more influential in tumor removal. In these individuals, the higher partial removal as the best achievement could possibly be a result of poorer tolerance during bronchoscopic intervention. From the pathophysiological perspective, a large primary lung cancer tumor burden or metastasis is frequently associated with pulmonary endothelial dysfunction, such as pulmonary thromboemboli, that underlies the patient's ventilationperfusion (V/Q) mismatch. 11, 12 Lying down for a prolonged period during the bronchoscopic procedure could result in profound hypoxemia by aggravating the V/Q mismatch via gravity-dependent blood redistribution to the thoracic cavity. On the other hand, a large compressive tumor often impedes venous blood return to the heart, which subsequently increases the risk of hemodynamic instability with sedative drug infusion during the procedure. 3, 13, 14 These situations possibly account for the increasing difficulty of achieving complete removal of a tumor with a larger compression part. However, by analyzing the ROC curve, we were able to set the threshold at 9.3 cm in terms of the summation of the size of the compression and invasion parts of a tumor, as 93.5% of subjects achieving complete tumor removal had tumors smaller than this cut-off (specificity: 93.5%). Although the percentage of the tumor partially removed that was larger than this cut-off was not the highest (sensitivity: 68.2%) the LR+ was 10.49. Because most of the patients in this situation have limited options for palliative treatment, our study suggests a criterion as inclusive as possible to encompass potential candidates.
Being a palliative treatment, the sustainability of cryotherapeutic tumor removal as measured by tumor re-obstruction is a key concern. A tumor of a non-squamous histology was found to be associated with more re-obstruction in the current study. Previous studies have reported that there was a certain variation in the efficiency of achieving freezing-induced cell death across different cell types. This finding could stem from the varied anti-apoptosis ability, different morphological structure of cancerous tissue, and varied susceptibility to cell dehydration and intracellular ice formation in response to freezing. [15] [16] [17] [18] [19] There were lower recurrences of chemotherapy after recanalization in this study (50.0 vs. 73.0%, P = 0.125), although the result was not statistically significant.A similar result was also noted in the KaplanMeier curve of time to re-obstruction comparing subjects receiving versus not receiving chemotherapy (6.2 vs. 4.0 months,P = 0.268; Fig S1) .These findings justified the need for a prospective study to clarify this issue. Longer survival after cryotherapeutic treatment is another factor related to the occurrence of re-obstruction. We suggest this assessment at two months, as 88.6% of subjects had re-obstruction beyond this time point (sensitivity: 88.6%, LR+: 2.28). Although the percentage without re-obstruction before this time point was not the highest (specificity: 61.1%), the negative LR was the lowest (LR-: 0.19), thus clinicians can make a trade-off between maximizing the probability of detecting reobstruction and minimizing the unnecessary intervention.
The limitation of the current study is its inherent bias as a retrospective study. The indications, timing, and process of the treatment were not as standardized as in prospective studies. However, appropriate criteria were set to address these biases, although at the expense of a smaller sample size. In addition, although the improvement of PS after cryotherapy was noted only in eight (15.1%) patients, all of them were spared the use of non-invasive ventilator and intensive care unit admission. Furthermore, an extra 30 (56.6%) subjects were exempted from receiving rigid bronchoscopy.
Conclusion
In conclusion, this study suggests that cryotherapy is a helpful palliative treatment to deal with endobronchial obstruction secondary to a wide range of malignancies in patients with diverse PS.
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Figure 4
The receiver operating characteristic curve is plotted using overall survival to discriminate whether tumor re-obstruction was observed. The discriminatory power was significant based on area under the curve measurement. AUC, area under the curve; CI, confidence interval. 
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